Objectives: Mild hyperhomocysteinaemia, fasting as well as after a methionine load, occurs in families and is associated with premature atherosclerosis. We hypothesised that endothelial dysfunction plays a role in the relation between hyperhomocysteinaemia and clinical vascular disease. Methods: In this study flow-mediated, endothelium-dependent vasodilatation of the brachial artery and, as a marker of biophysical changes of the vessel wall such as increased smooth muscle cell tone or collagen formation, arterial distensibility of the common carotid artery were investigated in 123 healthy first-degree relatives of patients with mild hyperhomocysteinaemia and coronary, cerebral or peripheral artery disease. Results: In multiple linear regression analyses, the increase in the homocysteine concentration after a standard methionine load was a significant determinant of an impaired flow-mediated vasodilatation of the brachial artery (measured on a separate day). The only other predictors were the baseline vessel diameter and age. Fasting homocysteine level was not associated with flow-mediated vasodilatation in the brachial artery. There was no relationship between homocysteine levels and nitroglycerine-induced, endothelium-independent vasodilatation of the brachial artery. Arterial distensibility of the carotid artery was also not related to homocysteine levels. Conclusions: In healthy first-degree relatives of patients with mild hyperhomocysteinaemia, the increase in homocysteine level after a methionine load is an independent predictor of endothelial dysfunction. The results also suggest that fasting and post-methionine homocysteine levels may reflect distinct disturbances in methionine metabolism, which may be linked to vascular dysfunction through distinct mechanisms.
1. Introduction thermolabile variant of methylenetetrahydrofolate reductase, is also associated with an increased risk of premature Hyperhomocysteinaemia is an independent risk factor atherosclerosis [2] . for premature atherosclerotic disease. This was first noted
In vitro studies suggest that the adverse vascular effects in children with homocystinuria who have homozygous of hyperhomocysteinaemia are mediated, at least in part, cystathionine b-synthase deficiency, the enzyme required by endothelial dysfunction [3, 4] , and specifically by the inability of the endothelium to produce adequate amounts of the endothelium-derived relaxing factor, nitric oxide (NO) [5] . Small in vivo studies in patients with premature before the laboratory investigations. Blood samples were peripheral arterial occlusive disease and hypertaken for measurement of glucose, lipids, homocysteine, homocysteinaemia [6] , and in children with severe hyperfolate, pyridoxal-5-phosphate and vitamin B . Six hours 12 homocysteinaemia [7] have provided some evidence of after an oral methionine load (0.1 g methionine per kg endothelial dysfunction in subjects with hyperbody weight), blood sampling for measurement of homohomocysteinaemia. Recently, a disturbed endothelium-decysteine levels was repeated. pendent vasodilatation has been observed in elderly subjects with hyperhomocysteinaemia, 40% of whom used 2.2. Haemodynamic measurements antihypertensive medication [8] . Apart from the effects on endothelial function it also has been suggested that hyperHaemodynamic studies were not performed on the same homocysteinaemia contributes to medial fibrosis with an day as the blood sampling, so an acute increase in increased formation of collagen and frayed elastic fibres homocysteine concentration after methionine loading could [9] , and promotes vascular smooth muscle cell prolifernot have influenced the vascular responses [13] . The ation [10] .
arterial distensibility of the common carotid artery and the It is not known, however, whether familial hyperendothelium-dependent and -independent vasodilatation of homocysteinaemia is associated with vascular dysfunction the brachial artery were determined by a non-invasive in the absence of clinical atherosclerotic disease. We echo-doppler method. All subjects had fasted and had therefore studied this issue in a large group of apparently refrained from smoking for more than 4 h. All measurehealthy first-degree relatives of patients with mild hyperments were performed by one observer, in a temperaturehomocysteinaemia and premature atherosclerotic disease.
controlled room, with a vessel wall movement detector As estimates of vascular function we investigated the system (Wall Track System, Neurodata, Bilthoven, Netherflow-mediated vasodilatation in the brachial artery (a lands) as described earlier [14] . This system consists of an measure of endothelium-dependent vasodilatation) and the ultrasound imager (Ultramark IV, ATL, Bothell, USA) distensibility of the common carotid artery (a measure of connected to a data acquisition and processing unit. the intrinsic elasticity of the vascular wall).
Endothelium-dependent and -independent vasodilatation in the brachial artery of the right arm was determined as described in detail elsewhere [15] . In short, end diastolic 2. Methods diameter (D) measurements as described below for the common carotid artery were performed in the brachial 2.1. Subjects artery and combined with determination of the peak systolic velocity (PSV). PSV was measured with doppler We recruited 139 healthy first-degree relatives (siblings; in the centre of the brachial artery at a 608 angle to the .90% of those eligible according to the inclusion criteria) vessel. We used an acute increase in blood flow, which of 60 patients with clinical coronary, peripheral or cerebral results in an increase in shear stress, as the stimulus for artery disease before the age of 55 years and hyperendothelium-dependent vasodilatation, and nitroglycerin homocysteinemia (as defined by elevated homocysteine (NTG) sublingually to obtain endothelium-independent levels after methionine loading [11, 12] ). All fulfilled the vasodilatation, according to a recently described procedure following criteria: between 18 and 65 years of age, no [7, 16] . After 15 min of rest in the supine position, baseline pregnancy, serum creatinine ,150 mmol / l, normal transdiameter and PSV were determined. This was followed by aminase levels, and no history of venous thrombosis, inflation of a blood pressure tourniquet around the forearm myocardial infarction, stroke, or peripheral vascular disto 100 mmHg above the systolic blood pressure. After 4 ease. Sixteen subjects were subsequently excluded because min the cuff was released and the maximum PSV in the they used medication with a known haemodynamic action first 10 s was measured, followed by diameter recordings (antihypertensive medication in twelve, cholesterol-lowerafter 45-60 s. After another 15 min rest to allow the ing medication in two, insulin in one and ergotamine in brachial artery diameter to return to baseline, PSV and one). None of the other subjects took any medication diameter were determined before and 5 min after the known to affect haemodynamic function or homocysteine administration of 400 mg NTG sublingually. The time levels. All subjects gave informed consent and the protocol points of measurement of the arterial diameter during both was approved by the local ethics committee. vasodilatation were 4.6, 5.5 and 7.7%, respectively [15] . Sixteen women were classified as post-menopausal Flow-mediated (endothelium-dependent) vasodilatation (absence of menstrual bleeds for more than 1 year).
and NTG-induced vasodilatation were expressed as a Subjects were classified as smokers in case of current percentage change in diameter relative to the baseline cigarette use (47 of the 123 participants). All subjects came diameter. The change in PSV was expressed as a perfasting and refrained from smoking from 24.00 h the day centage of the baseline PSV. As the stimulus for the change in diameter during reactive hyperaemia, changes in PSV cysteine) was defined as the post-load minus the fasting are reported instead of changes in blood flow (which could homocysteine level. Serum pyridoxal-5-phosphate was have been calculated from D and PSV), because PSV is determined by HPLC with fluorescence detection. Serum not independent of D [17] and because calculating flow vitamin B and folate were determined by radioassay 12 from D and PSV (which is recorded in the centre of the (Becton Dickinson, France), serum glucose by a glucose vessel) overestimates the true flow [15, 16] . We used the oxidase method. Serum cholesterol and triglycerides concutoff points proposed by the European Concerted Action centrations were measured enzymatically (CHOD-PAP and Project (i.e. the upper quintile in the 800 control subjects CPO-PAP methods, Boehringer Mannheim, Germany). in that study) to categorise the subjects as having normal HDL-cholesterol levels were determined after precipitation or elevated fasting, post-methionine and d homocysteine of the VLDL and LDL with sodium phosphotungstate / levels [18] . To relate the flow-mediated dilatation (FMD) magnesium. LDL-cholesterol levels were calculated using obtained in the present study to results in healthy persons the Friedewald formula. without a family history of hyperhomocysteinaemia, we compared FMD in the 18 subjects in this study who had a normal increase in homocysteine level after methionine 2.4. Statistics loading (,27 mmol / l, see above) with the FMD in a group of 18 healthy volunteers with similar age and sex disResults are given as mean (median in case of a skewed tribution and without a family history of premature distribution)6S.D. and range as indicated. Univariate and atherosclerotic disease or hyperhomocysteinaemia.
multivariate (forward and backward) stepwise regression From M-mode, baseline vessel diameter can be deanalyses were used to determine predictors of flow-metermined with an accuracy of 0.1-0.2 mm and vessel wall diated and NTG-induced vasodilatation, and of the disdisplacement with a precision of 10 mm [19] . Vascular tensibility parameters. In these regression analyses, fasting, distension was measured 10 mm proximal of the right post-methionine and d homocysteine levels were entered in carotid artery bifurcation during a period of 5 s. Blood separate models both as continuous variables and as pressure, pulse pressure and heart rate were recorded on dichotomous variables according to the European Concethe left arm with an automatic device (BP-8800, Colin, rted Action Project cutoff values [18] . The presence or Hayashi Komaki City, Japan). From end-diastolic diameter absence of an abnormal (one or more) peripheral artery test (D), vascular distension during the heart cycle (dD) and [12] was also entered as an independent variable in the pulse pressure (dP), distensibility (DC) and compliance models. The residuals were checked for a normal discoefficients (CC) were calculated as follows: DC52?dD/ tribution and constancy of variance. Because baseline D?dP; CC5p?dD?D/2?dP.
brachial artery diameter is an important determinant of the Multiple definitions of arterial biophysical properties vascular responses [15, 17] , we adjusted for baseline D by have been proposed [20] . The DC and the CC as defined taking the diameters after NTG and flow-mediated vasodiabove are equivalent to fractional change and change of latation as the dependent variables, and the baseline cross-sectional area, respectively. DC is the inverse of diameter as one of the independent variables. We chose this Peterson's elastic modulus, which is suitable for arterial procedure because relating the percentage vasodilatation to stiffness measurements in vivo [21] . We found earlier that the baseline diameter predictably yields a negative relathe within subjects coefficients of variation for D, DC and tionship [25] . For the DC and CC, we adjusted for the CC were 3.1, 7.7 and 8.3%, respectively [22] , which is in mean arterial pressure (MAP) by taking dD/D and dD?D, accordance with the results of others [23] .
respectively, as the dependent variable, and dP and MAP We have earlier reported data on subclinical peripheral, (together and separately) as independent variables. This carotid and coronary artery disease in the study subjects.
was done because MAP is generally inversely related to An ankle-brachial pressure index (ABPI) according to a DC and CC, but is not independent of the distending standard procedure was categorised as abnormal if ,0.9 in pressure (dP), which is part of the formula of DC and CC. one or both legs at rest. A treadmill exercise test was We used t-tests and Mann-Whitney tests, as appropriate, categorised as abnormal if the pressure dropped by 30 to compare the 18 subjects with a normal increase in mmHg or more [12] . Persons with abnormal coronary or homocysteine levels after methionine loading with control carotid artery disease were excluded because of the low subjects without a family history of premature vascular number of cases [12] . disease or hyperhomocysteinaemia, and to compare subjects with normal to those with high fasting, post-2.3. Laboratory procedures methionine and d homocysteine levels according to the European Concerted Action Project cutoff points. All Plasma homocysteine levels were measured as total testing was two-sided with statistical significance accepted homocysteine (free plus protein bound) by using HPLC at P,0.05. The statistical tests were performed with the with fluorescence detection [24] . The increase in homo-SPSS, version 7.0 for Windows, statistical software package cysteine level after methionine loading (delta [d] homo-(SPSS, Chicago, IL, USA). methionine plasma homocysteine levels using the cutoff values of the a Median.
European Concerted Action Project [18] . Data are means with S.E.M. *:P,0.001, **P50.097. The figures in the bars indicate number of subjects in each group.
Results
Clinical and laboratory data of the study population are was lower in subjects with elevated post-methionine (P, shown in Table 1 . Thirty-four, two and one subjects, 0.001) and d homocysteine (P50.097), but not in those respectively, had pyridoxal-5-phosphate, vitamin B and with elevated fasting homocysteine (Fig. 1) . NTG-induced 12 folate levels below the lower limit of our reference range vasodilatation did not differ between these groups (fasting (,17 nmol / l, ,120 pmol / l and ,3.4 nmol / l, respectivehomocysteine $12 mmol / l: 14.5 (9.2)% versus ,12 ly). Correlations between homocysteine levels and demommol / l: 14.2 (9.5)%, P50.84; d homocysteine $27 graphic and laboratory data are shown in Table 2 . diameter after reactive hyperaemia as the dependent varihomocysteine levels in the control subjects of the Euroable showed, however, that age and the increase in pean Concerted Action Project were 12, 38 and 27 mmol / l, homocysteine level after methionine loading (d homorespectively [18] . When we used these cutoff values FMD cysteine) were also independently related to the flow- and NTG-induced vasodilatation, respectively. For each 20 homocysteine in the regression models did not change the mmol / l increase in d homocysteine, the FMD decreases results (data not shown).
1.2%. The FMD in the 18 subjects with normal increase in When post-methionine homocysteine levels were substipost-methionine homocysteine was not different from the tuted for d homocysteine levels, there was a trend for the FMD in 18 healthy control subjects without a family former to similarly and inversely predict FMD (post-load history of premature vascular disease or hyperhomocysteine level, stand r: 20.06, P50.07, baseline homocysteinemia (Table 4) . diameter, stand r: 0.94, P,0.0001, age, stand r: 20.07, P50.06 in the same model as described above). Use of the 3.2. Arterial distensibility European Concerted Action Project cutoff value for postload homocysteine showed that increased post-load homo-D, DC and CC at the carotid artery were 6.47 (0.70) cysteine was an independent predictor of FMD apart from respectively. In two subjects arterial distensibility measure-P50.001) Fasting homocysteine levels (as continuous or ments were not available because of technical difficulties. dichotomous variable) were not related to FMD. There was To investigate determinants of DC, multiple regression no relation between the baseline PSV (or the change in analyses were performed with dD/D as dependent variable PSV) and the homocysteine levels, whether fasting or after and dP, MAP, age, gender, d homocysteine (or fasting, or methionine loading.
post-methionine homocysteine levels as continuous as well When the subjects were divided according to the presence or absence of one or more abnormal peripheral artery tests there was no difference between the two groups for FMD or NTG-induced vasodilatation [FMD: abnormal test 
Discussion
This study is the first to demonstrate that, in apparently healthy first-degree relatives of patients with mild hyperhomocysteinaemia and premature atherosclerotic disease, the increase in plasma homocysteine level after methionine loading is inversely associated with endothelial function as measured by flow-mediated, endothelium-dependent vaso- mild hyperhomocysteinaemia.
It is now well established that mild hyperas dichotomous variables), smoking habits, BMI and levels homocysteinaemia is associated with an increased risk of of cholesterol (or levels of HDL-cholesterol, LDL-cholespremature cerebral artery disease [2, 26] , peripheral artery terol and triglycerides) as independent variables. Pulse disease [2, 26] , coronary artery disease [2, 27] and deep pressure and age emerged as determinants of dD/D (stand venous thrombosis [28] . On the basis of studies in vitro r: 0.25, P50.002 and stand r: 20.59, P,0.0001). The [3] [4] [5] and in animals [29] , endothelial dysfunction has other variables, including the d, the fasting and the postbeen proposed as an important mechanism linking hypermethionine homocysteine levels, were not related to dD/D, homocysteinaemia to atherosclerosis and thrombosis. although for MAP there was a trend towards an inverse Clinical data to support this hypothesis have been limited relation (stand r: 20.21, P50.052). To estimate deterhowever [6] [7] [8] 30] ; in particular, it had not been clarified if endothelial dysfunction was already present in familial hyperhomocysteinemia in the absence of clinical vascular disease.
The results of the present study suggest that, in apparently healthy siblings of patients with premature atherosclerotic disease and hyperhomocysteinaemia, a large increase in plasma levels of homocysteine after methionine loading is associated with impaired endothelium-dependent vasodilatation. A flow-mediated increase in shear stress on the endothelium stimulates vasodilatation in conduit and resistance vessels [17] , probably to maintain shear stress within a constant physiological range [31] . Although the endothelium produces many vasodilatory substances which could contribute to shear stress-induced vasodilatation [32] , it has now been convincingly demonstrated that hyperaemia-induced, flow-mediated vasodilatation in the forearm is largely NO-mediated [33, 34] . The validity of the method used is further supported by the demonstration of disturbances in endothelium-dependent vasodilatation, before clinically manifest disease occurs, in persons with risk factors for atherosclerosis such as hypercholesterolaemia and smoking [16] . Moreover, it has been shown of the coronary arteries [35] . Table 4 Comparison between the subjects with a family history of hyperhomocysteinaemia who had an increase in homocysteine after methionine loading (d homocysteine) ,27 mmol / l and healthy control subjects without a family history of premature atherosclerotic disease or hyperhomocysteinaemia Thus, our results suggest that in apparently healthy Alternatively, the post-methionine homocysteine level first-degree relatives of patients with hypermay be more strongly related to cardiovascular disease homocysteinaemia and premature atherosclerotic disease than the fasting level [36] , although this has recently been the increase in homocysteine concentration after a standard questioned [18] . Nevertheless, fasting and post-methionine methionine load is a significant, although relatively weak (or d) homocysteine levels are likely to be determined by determinant of an impaired NO production and / or action. different pathways in the metabolism of methionine. An In the presence of a normal NTG-induced vasodilatation, impaired ability to remethylate homocysteine to these results point to a specific role for dysfunction of the methionine has been shown to result in fasting hyperendothelium.
homocysteinaemia, but a normal increase in response to methionine loading [37] . Conversely, a defect in trans-4.1. Fasting and post-methionine homocysteine levels sulphuration is thought to result in an abnormally high increase of homocysteine levels after a methionine load, in We found that the increase in homocysteine level in the presence of normal fasting homocysteine levels [38] . response to a methionine load (d homocysteine) was This is in agreement with observations that hyperassociated with endothelial dysfunction, as measured by homocysteinaemia post-methionine loading without eleflow-mediated vasodilatation, and that there was a trend (in vated fasting homocysteine levels accounts for 35-50% of the same direction) for the post-load homocysteine levels.
all cases of hyperhomocysteinemia [11, 18, 39] Using the No relation with FMD over the entire range of fasting cutoff values of the large multicentre European Concerted homocysteine levels was established (Fig. 2) . It might be Action Project study [18] , we found that FMD in subjects argued that this was caused by selection of the study with elevated post-methionine homocysteine levels was population, because the subjects studied were all siblings lower than that in those with normal levels, and that a of patients diagnosed as hyperhomocysteinaemic on the similar trend was observed for the d homocysteine but not basis of post-methionine homocysteine levels. This might the fasting homocysteine levels, also pointing to a differobscure a relation between fasting homocysteine concenence between fasting and post-methionine (or d) homotrations and FMD if fasting homocysteine levels were low cysteine levels. The post-load increase in homocysteine on average and / or if lower fasting homocysteine levels level may be a better reflection of methionine metabolism were associated with larger increases in homocysteine after than the absolute post-load level, because the increase in methionine loading. Neither was the case, however. We homocysteine level is influenced less by differences in found no relation with FMD over the entire range of fasting homocysteine level than is the absolute level [40] . fasting homocysteine levels (Fig. 2) , a result that did not Thus, it is possible that, in the population we studied, a change after exclusion of persons with elevated postdefect of homocysteine transsulfuration plays a major role, methionine homocysteine levels. A final possibility is that mainly resulting in elevated d homocysteine (Fig. 1) , and all subjects had a low FMD, thereby obscuring a relation that this defect is related to an impairment of endothelial with fasting homocysteine levels. We effectively excluded function. In a study by Tawakol et al., endothelial dysfuncthis by comparing the subjects with a relatively low (i.e., tion was related to fasting homocysteine levels [8] , sugnormal according to the cutoff values of the European gesting distinct mechanisms of vascular impairment in Concerted Action Project [18] ) d homocysteine with relation to distinct disturbances in methionine metabolism subjects without a family history of hyperin different study groups. This is important for the homocysteinaemia, and found that FMD was similar in interpretation of the results of studies showing that postthese groups. In view of these considerations, it is unlikely methionine homocysteine levels are independently associthat a true inverse relation between FMD and fasting ated with atherosclerotic disease [18] . homocysteine levels was obscured in our study.
There is evidence that homocysteine can adversely affect endothelial function by exerting oxidative damage. smooth muscle relaxation, perhaps pointing to a compenOxidation of the sulphydryl group of homocysteine results satory vasodilatation [45] . Therefore, it is possible that in hydrogen peroxide formation, which is cytotoxic to the such opposite effects of homocysteine on the various endothelium [41] . Normally, NO reacts with homocysteine determinants of the vascular wall stiffness are responsible to form S-nitroso-homocysteine, which augments the vasofor the normal distensibility of the carotid artery observed dilatory action of NO and inhibits oxidation of homoin our study. In patients with end stage renal disease cysteine. Hyperhomocysteinaemia might result in an imhyperhomocysteinaemia affected the arterial distensibility balance between homocysteine and NO, resulting in an (measured as the pulse wave velocity) only in the lower increased oxidation of homocysteine and eventually in a limb and not in the upper limb, suggesting a preferential decreased production of NO and an impaired vasodilateffect of homocysteine on the lower limb vessels [46] ation [3, 5] .
Therefore, the conclusion that hyperhomocysteinaemia It is important to note that the model of hyperdoes not affect arterial distensibility must be viewed with homocysteinaemia-induced oxidative stress as the prime caution. cause of impaired NO synthesis and / or action cannot
In conclusion, in healthy first-degree relatives of patients easily account for the inverse relation between FMD and d with hyperhomocysteinaemia and premature atheroshomocysteine (but not fasting homocysteine levels) that we clerotic disease, the increase in homocysteine concenobserved, because average plasma levels during the day are tration after methionine loading is inversely predictive of probably much closer to fasting levels than to postflow-mediated, endothelium-dependent vasodilatation, but methionine levels. Therefore, alternative mechanisms linknot of endothelium-independent vasodilatation. There was ing post-methionine homocysteine levels to impaired endono correlation between fasting homocysteine levels and thelial function may have to be considered, such as an flow-mediated vasodilatation or arterial distensibility. This impairment of protein repair [42] . It is not known, howmay explain, at least in part, why post-methionine hyperever, whether such alternative mechanisms of homocyhomocysteinaemia is a risk factor for atherosclerotic and steine-associated endothelial injury are more closely rethrombotic disease. In addition, these findings suggest that lated to d homocysteine levels than to fasting homofasting and post-methionine homocysteine levels reflect cysteine levels, and this issue requires further study. different metabolic pathways of methionine, which might Finally, subclinical atherosclerosis as measured by anklebe linked to vascular dysfunction through distinct mechabrachial pressure index or ankle pressure drop after nisms. exercise did not influence the relation between homocysteine levels and the vascular responses. As reported earlier there was no relation between homocysteine levels
